Purpose of Review Minimally invasive approaches to adult spinal deformity (ASD) surgery have seen a large increase in popularity over the last decade, largely because these techniques are viewed as a potential improvement to the lengthy recovery and high complication rates observed after traditional open surgery for this pathology. The purpose of this review is to present a summary of the latest minimally invasive techniques used in adult spinal deformity surgery, examine whether MIS surgery can accomplish the goals of ASD surgery, and investigate whether MIS surgery is safer than traditional approaches. Recent Findings While minimally invasive approaches have been able to achieve similar patient-reported outcomes as open approaches, they are associated with their own unique complications. Furthermore, they are limited in their ability to correct severe sagittal imbalance. Emerging techniques, such as anterior column realignment and mini-open posterior column osteotomy, have been developed to address these limitations. The minimally invasive spinal deformity surgery algorithm (MISDEF) can help guide surgeons on which approaches may be appropriate for a particular case. Summary To maximize the benefits of a minimally invasive approach without compromising the goals of ASD surgery, surgeons must be selective in choosing which cases are amenable to an MIS approach. Leading experts continue to develop algorithms to guide surgical decision-making. As we learn to better define our indications, understand treatment goals, and refine our techniques, MIS approaches will likely play an even larger role in a comprehensive ASD treatment strategy.
Introduction
Minimally invasive spine surgery has seen an enormous expansion in popularity over the last decade. Originally utilized for microdiscectomy and decompression, applications have expanded to include multilevel degenerative disc disease, cervical pathology, trauma, and correction of spinal deformity [1] . Minimally invasive surgery (MIS) is based on the concept of accomplishing the same surgical goals while minimizing dissection or utilizing smaller operative corridors. Theoretically, such an approach limits the composite trauma of surgery, leading to a reduction in complications and allowing for a quicker patient recovery. With regard to surgical management of adult spinal deformity (ASD), surgical goals include restoration of sagittal and coronal balance, construction of a solid fusion foundation, and decompression of the neural elements. When considering the morbidity of longsegment open fusions traditionally utilized in this patient population [2] [3] [4] [5] [6] , the potential of a minimally invasive approach can appeal to both patients and surgeons alike. However, given that extensive tissue dissection and release has been traditionally indispensable to achieve ASD goals especially with regard to restoration of alignment, a minimally invasive approach inherently seems problematic. Thus, initial research has focused on proving the feasibility of new minimally invasive techniques-such as lateral lumbar interbody fusion (LLIF), percutaneous pedicle screws, and minimally invasive transforaminal interbody fusion (MIS-TLIF)-and subsequent applications in adult spinal deformity [7] .
Initial feasibility studies showed that minimally invasive techniques could achieve acceptable patient-reported outcomes in the setting of ASD [7] , However, as follow-up times have increased and more surgeons adopt minimally invasive techniques, questions remain whether the goals of ASD surgery are being met. While the majority of investigations have consistently reported similar clinical improvements in disability and pain relief up to 2 years, many studies have cast doubt on whether minimally invasive surgery can achieve the same alignment goals as open techniques [7] [8] [9] [10] . Furthermore, for ASD correction, are the goals of minimally invasive surgery (decreased complications, quicker recovery) being realized? Finally, multiple investigations have even questioned whether MIS approaches have proven any less morbid [7, 9, 11•, 12] . Thus, determining which types of ASD are amenable to an MIS approach is the key question that researchers currently face [13] .
In the following review, we will present a summary of the latest minimally invasive techniques used in adult spinal deformity surgery, examine the key controversies, and conclude by summarizing the minimally invasive spinal deformity surgery algorithm (MISDEF), a recently developed surgical decision-making tool [13] .
Overview of Currently Utilized MIS Techniques
Radiographically, adult spinal deformity encompasses patients > 18 years old with a coronal Cobb angle greater than 20 degrees, a sagittal vertebral axis (SVA) greater than 5 cm, or a pelvic tilt (PT) greater than 20 degrees [14] . The vast majority of deformity in these patients is present in the lumbar spine. Clinically, patients may present with back pain, radiculopathy, neurogenic claudication, or progressive deformity. Surgical management is thus focused on alleviating the patient's primary complaint while avoiding iatrogenic destabilization. MIS approaches can be classified into three broad categories: MIS decompression (direct or indirect), multilevel circumferential MIS surgery (cMIS), and hybrid surgery (combination of MIS and traditional posterior open approach) [13, 14, 15••] . For the patient with mild deformity in whom direct decompression is necessary, MIS approaches may mitigate the risk of iatrogenic destabilization by avoiding destruction of the posterior ligamentous structures. On the other hand, indirect foraminal decompression can be achieved through standalone interbody cage placement. For those patients who require fusion at multiple levels to correct alignment parameters, circumferential MIS (cMIS) surgery generally is comprised of multilevel interbody cages, with posterior instrumentation introduced through percutaneous methods, either as a single-or two-stage procedure. Lastly, hybrid surgeries incorporate both minimally invasive and traditional surgical approaches. This approach is often utilized when an open posterior approach is necessary to allow for decompression or osteotomies. Hybrid surgeries are often performed in a twostage fashion, with the first stage consisting of interbody cage placement and the second stage consisting of open posterior instrumentation with or without osteotomy and/or decompression.
The type of approach utilized for the introduction of interbody cages is widely dependent on the surgeon and institution, as almost all approaches may be performed in a minimally invasive fashion. For example, anterior lumbar interbody fusion (ALIF) can be performed while obeying the principles of minimally invasive surgery. The lateral transpsoas approach (lateral lumbar interbody fusion [LLIF] , extreme lateral interbody fusion [XLIF] , direct lateral interbody fusion [DLIF]) has gained much popularity over the last decade as it avoids the morbidity associated with presacral dissection [16] . Many current minimally invasive spine surgeons rely on LLIF as their primary interbody approach, largely because it can be utilized at multiple levels in the lumbar and thoracic spine and allows for the insertion of a cage with a large footprint. However, the anatomy of the pelvis typically prohibits its use at the L5-S1 level. To overcome this limitation, the oblique lumbar interbody fusion technique (OLIF) was developed to allow access to the L5-S1 level while maintaining the advantages of a retroperitoneal dissection ( Fig. 1 ) [17] . Transforaminal lumbar interbody fusions (TLIF) may be performed in a minimally invasive manner at all levels in the lumbar spine, also serving as an option to address the L5-S1 level [18] . Lastly, axial lumbar interbody fusion (AxiaLIF) has been utilized in adult deformity for L5-S1 or L4-S1 interbody fusions, primarily as a method to supplement S1 pedicle screws [19] .
Sagittal Balance Goals and Emerging MIS Techniques
One of the most important aspects in the surgical management of adult spinal deformity is reestablishing global sagittal and coronal balance, as these parameters have been found to closely correlate with overall disability and patient-reported outcomes [20, 21] . Malalignment is generally defined as SVA > 5 cm or pelvic incidence-lumbar lordosis (PI-LL) mismatch of > 10 degrees [10, 22] . The most recently published studies on this topic demonstrate that patients with ASD who underwent MIS approaches are often left malaligned [8, 10, 23, 24••] . The ability of MIS-only approaches to achieve meaningful corrections was demonstrated in a retrospective review of 184 patients who underwent cMIS, hybrid, or open surgery for ASD [25] . While all groups demonstrated clinical improvements at 1 year, the SVA correction in the MIS group was − 0. 185 ASD patients treated through cMIS or hybrid approaches, finding that 66.4% of patients were malaligned at 2 years. The correlation between malalignment and worse clinical outcomes [20] has also been demonstrated after MIS ASD surgery [24••] . In a retrospective review of 104 patients who underwent cMIS or hybrid surgery, postoperative sagittal alignment parameters of patients who experienced the greatest improvements in the Oswestry Disability Index (ODI) were compared to those who had the least improvement [24••] . The authors found that postoperative PI-LL mismatch and failure to correct SVA were associated with the least improvement after surgery. Lastly, in an analysis of 90 patients who underwent cMIS surgery for AD, Anand et al. demonstrated a "ceiling effect" of cMIS surgery [8] . The authors suggested that cMIS techniques were able to correct SVA only up to 89 mm, and that PI-LL mismatch could only be corrected in cases in which the preoperative PI-LL was 38 degrees or less (Fig. 2) .
This limitation of MIS in correcting severe sagittal deformity has prompted the development of new MIS techniques over the last few years [26•, 27•] . Anterior column realignment (ACR) is identical to an LLIF approach but adds an anterior longitudinal ligament release to allow for the insertion of a hyperlordotic cage (usually 20 or 30 degrees) (Fig. 3) . The appropriately sized cage is selected in order to allow for indirect foraminal decompression while maximizing lordosis, and a screw is often placed in order to avoid anterior displacement of the cage [28] . An initial series of eight patients reported segmental changes in lumbar lordosis of approximately 13-15 degrees [28] . Proponents of the technique argue that radiographic results are similar to that of a pedicle subtraction osteotomy. Utilizing an adult spinal deformity database, 17 patients who underwent ACR were propensity matched by pelvic incidence, lumbar lordosis, and thoracic kyphosis to a cohort of patients who underwent pedicle subtraction osteotomy (PSO). Though widespread conclusions were limited by the small patient sample, changes in radiographic outcomes were largely similar at 1 year [26•] .
Expandable interbody cages offer another solution to address the sagittal alignment limitations of LLIF or TLIF (Fig. 4) . Though expandable interbody cages have yet to be studied en masse in the setting of adult spinal deformity, investigators have published several series on their use in degenerative disc disease [29] [30] [31] . A small series of single-level MIS-TLIF with expandable cages demonstrated higher segmental lordosis compared to static cages, but neither technique affected the overall spinopelvic parameters [31] . On the other hand, a retrospective cohort study of 89 one-level TLIFs showed near identical changes in segmental and lumbar lordosis at 1 year, independent of the type of cage used [30] . Cadaveric studies have demonstrated higher contact forces found with expandable technology, raising concerns about cage subsidence, which has also been reported clinically [29, 32] .
Lastly, investigators have developed ways to perform posterior osteotomies through smaller operative corridors. Originally performed in 2012, surgeons at the University of Miami developed a "mini-open" pedicle subtraction osteotomy (PSO) [33] . Pedicle screws are placed in a suprafascial or percutaneous technique at least three levels above and below the osteotomy site, and two rods are then placed proximal and distal to the osteotomy. Periosteal dissection is only performed at the level of the planned osteotomy. The osteotomy is then reduced through a cantilever technique and the two rods on either side are connected (Fig. 5) . A recent case series in 16 patients demonstrated that the technique Fig. 1 Illustrations comparing the LLIF (a) and OLIF (b) approaches. Note how the OLIF maintains a retroperitoneal blunt dissection at the L5-S1 level could achieve early radiographic results similar to open PSO [27•]. However, also similar to contemporary analyses of open PSO, high complication rates were observed (37.5%) [34, 35] .
In conclusion, when compared to LLIF or MIS-TLIF, these new MIS techniques show promise in their ability to allow for larger corrections of sagittal deformity, but their inherently steep learning curves require longer-term follow up and wider adoption before conclusions can be made.
Comparing Complication Rates in MIS and Open Surgery
Traditional open techniques for surgical management of adult deformity have been associated with high rates of complications [2] [3] [4] [5] [6] . Major perioperative complications lead to increased patient disability as long as 1 year after surgery [4] . Even more concerning, an epidemiological analysis of adult deformity surgery reported an increase in inpatient complications from 2003 to 2010 [3] . The surgical trauma induced by extensive open posterior dissection also leads to a difficult recovery, with many patients staying in the hospital for a week or more [36, 37] . High rates of complications and prolonged hospital stays are linked, as lengthy recoveries put patients at risk for medical complications such as pneumonia, sepsis, and venous thromboembolism. Whether MIS surgery will serve as a panacea for these problems is still unclear.
The majority of studies have concluded that complication rates and length of stay for MIS approaches are similar to those of open approaches [7, 9, 11•, 12] . Bach et al. published a systematic review of 13 case series on outcomes after minimally Fig. 2 Case example of a patient with degenerative lumbar scoliosis who underwent correction with a cMIS approach. a, b Preoperative radiographs. c, d Postoperative radiographs. e Changes in radiographic parameters. Note that a cMIS approach was appropriate for this patient given the small preoperative SVA invasive surgery for adult deformity [7] . The authors found that rates of complications after MIS surgery for ASD ranged from 14.3% to 87.5%. Out of the 258 patients included in the reviewed studies, the aggregate rate of complications was 46%, akin to previously reported rates in open surgery [2] [3] [4] [5] [6] . The most commonly reported complication was neurologic (14%), likely secondary to lumbar plexopathies unique to the transpsoas approach. The average length of stay was widely variable, ranging from 2.8 to 10 days, with two-stage surgeries falling on the higher end of the spectrum. A more recent meta-analysis specifically examined rates of complications after adult deformity surgery, comparing open, hybrid, and minimally invasive approaches [11•] . Perioperative major complication rates were comparable: 10.9% (95% confidence interval [CI 95%] 10.3-11.5) open surgery, 9.0% (CI 95% 6.2-12.8) MIS, and 14.7% (CI 95% 11.6-17.9) hybrid, p > 0.05. However, rates of overall complications (including minor perioperative and late complications) were found to be higher in hybrid surgeries compared to [9, 12] but contrasted by another [38] . Park et al. reported a complication rate of 55% in hybrid surgery, compared to 33% with a cMIS approach [9] . Similarly, in an analysis of patients who underwent open posterior fusion with L5-S1 TLIF, the addition of multilevel LIF increased major complication rates from 13% to 56% [12] . These two studies reported an average LOS of 8.6 and 9.2 days, similar to open procedures [36, 37] .
One of the most problematic late complications after correction of sagittal spinal deformity is proximal junctional kyphosis (PJK). Proponents of MIS approaches argue that preservation of the posterior ligamentous structures may lead to a reduced incidence of (PJK). Unfortunately, the literature has not supported this hypothesis, instead reaffirming that PJK is likely related to the degree of correction more than surgical technique [39••, 40] . In a retrospective cohort analysis, 68 ASD patients who underwent LLIF with percutaneous posterior instrumentation were propensity score matched to patients who underwent LLIF with open posterior instrumentation [41] . In patients who had the same number of instrumented levels, rates of PJK were almost identical: 48.1% cMIS vs. 53.8%, p = 0.68. An analysis of rates of PJK after LLIF was also in line with previously reported rates after open surgery [42•] . Rates of PJK increased sequentially with the amount of correction, with patients who underwent ACR + PSO experiencing the highest rate of PJK (42.9% ACR + PSO vs. 30% ACR vs. 0% LLIF). Park et al. recently published 2-year radiographic results evaluating the effects of adding LLIF to open posterior spinal fusion for ASD [38] . Patients who underwent three-column osteotomies were excluded. The hybrid surgery cohort had a larger correction of lumbar lordosis and greater rate of PJK or PJA at 2 years (p < 0.05).
The MISDEF Algorithm
As we move forward in assessing the role of MIS surgery in ASD, patient selection will be the most important factor. Recent research has been dedicated to determine which ASD patients could derive the most benefit from an MIS approach and others from open surgery. Because multiple clinical studies have shown that a cMIS approach is unable to adequately correct a severe, rigid sagittal deformity, compromising sagittal alignment goals for reduced blood loss and a potentially quick recovery does not provide an overall benefit for this type of patient. On the other hand, in a patient with a mild deformity, the benefit of a cMIS approach may be realized, as alignment goals are more easily achieved. This may be particularly relevant for elderly patients, given that they do not require as much correction in order to obtain functionally similar results [10] .
The MISDEF algorithm, first published by Mummaneni et al. in 2014, is a framework that surgeons can use to help guide their decision-making [13] . The branch points of the algorithm are based on preoperative spinopelvic parameters (SVA, PT, PI-LL mismatch, and thoracic kyphosis) and flexibility of the curve, dividing adult deformity into three treatment-based classes (Fig. 6 ). Of note, the algorithm does not take into account the patient's health status or age-adjusted alignment goals. The class I approach is reserved for mild cases in which main pathology can be relieved with decompression, and thus includes direct or indirect MIS decompression. The class II approach addresses patients who suffer from stenosis/radiculopathy as well as deformity-induced back pain. This class includes multilevel surgeries, with fusion of multiple levels through exclusively MIS techniques (Figs. 2  and 4) . Lastly, class III approaches are utilized for the most complex or severe deformities (especially those requiring long thoracolumbar fusions) and require open surgery. Eleven experienced spinal deformity surgeons were surveyed at two time points at least 2 months apart to validate the algorithm [13] . The surgeons reviewed 20 representative cases of adult patients with symptomatic deformities who had failed nonoperative therapies. The algorithm was found to show moderate to substantial agreement, with an interobserver kappa of 0.58 and 0.69 in the first and second round surveys, respectively.
More effective techniques for the correction of sagittal alignment have been recently developed, which has prompted an update to the algorithm by some of the original authors [15] . The updated version takes into account new techniques such as ACR, mini-open PSO, and expandable cage technology. While the algorithm's branch points still rely on the same original parameters, it incorporates if the spine is fused or rigid, a change from the first iteration, which asks about the SVA measurement. Most importantly, in the new version, a fourth treatment class is introduced for severe, non-rigid deformities which fall between the original class II and III (Fig. 7) . In this treatment class, cMIS with ACR, mini-open PSO, expandable cages, or hybrid approaches are considered as an option to open surgery (Fig. 3) . The authors make a point to note that such treatment strategies should be limited to those experienced with these techniques. The updated algorithm is currently being validated through similar methods as the original.
Conclusions
Akin to the introduction of many novel technologies, MIS approaches for adult deformity surgery have undergone much scrutiny for their applications, effect on clinical outcomes, and establishment of unique complications and limitations. New techniques are constantly being developed to overcome these barriers and push the limits of what an MIS approach can achieve, but wider adoption will be necessary before definitive conclusions can be made on their efficacy. A consistent theme supported by the most recent literature, and one that will continue to be true, is that not all ASD patients are candidates for an MIS approach. A new generation of surgeons is currently being trained to learn minimally invasive techniques as a standard component of their armamentarium. Thus, as we learn to better define our indications, understand treatment goals, and refine our techniques, MIS approaches will only play a larger role in a comprehensive ASD treatment strategy.
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